Abstract: Thermal treatment of micro-structured lithium niobate, at temperatures close to the Curie point, induces preferential surface melting and re-crystallization. This process yields ultrasmooth single crystal superstructures suitable for fabrication of low scattering loss photonic microcomponents.
Introduction.
One of the sources of optical power loss and performance degradation in photonic devices, such as whispering gallery mode (WGM) micro-resonators, is surface imperfections and/or sharp edges which induce scattering due to the dielectric contrast between the device and the surrounding material. These fabricationimperfections can be corrected by thermal treatment i.e. using a CO 2 laser to locally melt the surface allowing for the surface tension to reshape the relevant structure to form a perfect extremely smooth globule. WGM cavities which are fabricated in this way exhibit very low scattering loss and hence very high Q factors [1, 2] .
Although such a method can be applied to glass without a problem, it is rather different if applied to single crystal materials mainly because the single crystal nature of the material is not preserved after a rapid melting and cooling cycle [3] . The resulting poly-crystalline material, which will suffer from light being scattered at the boundaries between adjacent crystallites, is therefore not suitable for electro-optic and non-linear applications.
Here we present a method where thermal treatment at temperatures close to the Curie point is seen to induce preferential surface melting of micron-sized superstructures in single crystal lithium niobate. Upon cooling the melt re-crystallizes, seeded by the bulk that remains solid during the process, and is reshaped by the surface tension to form ultra smooth single crystal superstructures. Figure 1a shows a scanning electron microscopy (SEM) image of the micro-structured surface of a lithium niobate sample before thermal treatment. The surface consists of a 2D lattice of micro-pyramids; a result of deep etching following ferroelectric domain inversion [4] . This sample was chosen due to its unusually rough side surface of the pyramids to illustrate the improvement of the surface quality due to melting and subsequent re-growth. The crystal was then thermally treated with the temperature being raised to 1130°C for several hours followed by slow cooling back to room temperature. The heat treatment was performed in an oxygen atmosphere to suppress Li out-diffusion. Fig. 1b) is a smoother version of the initial one shown in Fig. 1a , hence it seems possible to define the final shape by choosing the initial structure. Fig. 2a shows an undercut etched structure which has been produced by deep etching of a poling-inhibited surface ferroelectric domain structure [5] . Observation of the post-treatment surface, shown in the SEM image of Fig. 2b , confirms that the memory of the undercut has been preserved in the annealed structure thus producing a structure with an oblate spheroid top, which is a suitable geometry to form a WGM micro-resonator.
Thermal treatment.

Discussion.
Although the range of temperatures that the lithium niobate crystals experienced during the thermal treatment were kept below the Curie point (1142°C) and hence well below the melting point (1257°C) it is evident that, at some point during the process, the surface was in the liquid phase in both examples shown in Figs. 1b and 2b. However, preferential melting of the surface is possible at temperatures lower than the bulk melting temperature, with the thickness of the melted zone being a function of the temperature [6] .
Since the temperature was kept below the Curie point it is expected that the bulk of the processed material is still single crystal and ferroelectric throughout the thermal processing, however this is not necessarily true for the surface. Investigation of the annealed crystal surface using piezoresponse force microscopy (PFM) showed that the melted and re-solidified surface is also piezoelectric with a piezoresponse identical to the bulk, thus the re-solidified material is also both single crystal and ferroelectric. The single crystal nature of the surface was also investigated by micro-Raman spectroscopy and chemical etching, both of which verified the PFM result.
The collective results regarding the crystal quality at the surface after thermal treatment suggest that the melted layer re-crystallizes upon cooling, seeded by the solid crystal underneath, so that it follows the same crystallographic orientation as the substrate.
Conclusions.
We have demonstrated a method for achieving ultra-smooth single crystal lithium niobate structures enabling the fabrication of low scattering loss photonic structures. The method is based on selective surface melting at temperatures below the Curie point, followed by seeded re-crystallization.
